Infective endocarditis (IE) is the fourth leading cause of life-threatening infection in the United States and imposes significant morbidity and mortality (2) . Staphylococcus aureus now exceeds viridans group streptococci as the leading cause of IE in much of the developed world, including the United States, and IE caused by S. aureus has been shown to be an independent predictor of increased mortality (4, 9) . Overall, mortality from IE remains as high as 40% in some series, and complications of IE, such as congestive heart failure, extracardiac infections, and thromboembolic events, occur more often with IE caused by S. aureus than with IE caused by other pathogens (1, 9, 11, (15) (16) (17) . The American Heart Association (AHA) has recently issued evidence-based guidelines for the diagnosis and treatment of patients with IE, which recommend intermittent-infusion (II) oxacillin at 12 g daily divided every 4 to 6 h for up to 6 weeks for treatment of IE caused by methicillin-susceptible S. aureus (MSSA) (1) . Although data for continuous-infusion (CI) oxacillin are lacking, oxacillin exhibits time-dependent bactericidal activity, has a short postantibiotic effect against MSSA, and has been promoted as an alternative to II oxacillin, which maximizes bactericidal activity (5, 22) . Unfortunately, due to the lack of clinical data, the AHA guidelines do not address the use of CI oxacillin for IE caused by MSSA.
In addition, experience at our institution suggests that in non-intensive care unit (ICU) settings, dosing schedules of every 4 h potentially result in more missed doses than CI (unpublished data). As a result, we implemented CI as a therapeutic option approximately 7 years ago. These observations, coupled with the unacceptably high mortality rate associated with IE caused by S. aureus, prompted us to address the use of CI oxacillin to treat IE caused by MSSA.
The objective of this retrospective study was to compare microbiological cures, 30-day mortalities, times to clearance of bacteremia, times to defervescence, lengths of hospital stay, and durations of antibiotic therapy between CI and II oxacillin in the treatment of IE caused by MSSA.
MATERIALS AND METHODS
Study design and participants. This retrospective cohort study performed at University Hospital, University Health System, San Antonio, TX, assessed the use of CI versus II oxacillin for the treatment of IE caused by MSSA. The two groups were comprised of patients who received either 2 g II oxacillin intravenously over 30 min every 4 h or 12 g CI oxacillin intravenously over 24 h once daily. The study was approved by both the hospital's research department and the institutional review board of the University of Texas Health Science Center at San Antonio.
Inclusion criteria.
Data from patients admitted to University Hospital between 1 January 2000 and 31 December 2007 were included. Patients were identified using the International Classification of Diseases, Ninth Revision, Clinical Modification codes for endocarditis (18a) . Patients 18 years and older, with absolute neutrophil counts of Ն1,000 cells/mm 3 , who met modified Duke's criteria for IE and bacteremia (Ն2 positive cultures from blood samples drawn 12 h apart, all of 3 blood samples positive, or a majority of Ն4 separate cultures of blood positive) with MSSA were eligible for inclusion in the study. Definite IE caused by MSSA was defined, per AHA evidence-based guidelines and modified Duke's criteria, as having two major, one major and three minor, or five minor criteria (6, 14) . Inclusion was determined by review of microbiological data, echocardiographic imaging, physical exam, and vital signs contained in the patient's electronic medical record. Patients also must have received oxacillin for treatment using one of the two dosing regimens described above or, for patients who had previously existing hepatic dysfunction or who developed hepatic dysfunction (12), a reduced daily dose of 8 g, the maximum manufacturer-recommended dose.
Exclusion criteria. Patients were excluded if they failed to meet modified Duke's criteria for IE caused by MSSA, had IE due to an unidentifiable organism or an organism other than MSSA, or received IE treatment with a drug other than oxacillin (use of nafcillin was not evaluated). Other reasons for exclusion included incomplete medical records without follow up, such as for patients who transferred to University Hospital during treatment or who transferred to an outside hospital from University Hospital prior to completion of their therapy. Patients who were switched from one method of drug administration to another (II to CI or CI to II) during treatment were also deemed ineligible for inclusion.
Finally, patients who died in the hospital were excluded from analyses of length of stay and duration of antibiotic therapy.
Data. Data were collected from patients' electronic medical records and documented on standardized data collection sheets. Patient demographics, baseline laboratory values, preexisting and predisposing conditions, signs and symptoms on admission, microbiology results, anti-infective therapy, evidence of fever (temperature of Ͼ38°C), lengths of hospital and ICU stays, and mortality data were collected. Outcomes. The primary outcome was microbiological cure at 30 days, defined as no positive cultures within 30 days of the end of treatment by use of the method of last observation carried forward. Secondary endpoints included 30-day mortality, time to clearance of bacteremia (defined as the number of days from the first positive culture until the day prior to the first known negative culture), time to defervescence, hospital and ICU length of stay, and duration of antibiotic therapy. In addition, both primary and secondary outcomes as well as rates of acute kidney injury, defined as an increase in serum creatinine of Ն0.5 mg/dl or a 50% increase from baseline, were compared for patients who did and did not receive synergistic gentamicin (18, 21) .
Data analysis. Data were analyzed using JMP 7.0 (SAS Institute Inc., Cary, NC). Descriptive statistics were used to summarize patient demographics and outcomes. The Shapiro-Wilk W test was used to assess continuous variables for normality. Normally distributed continuous data were analyzed by Student's t test, while non-normally distributed continuous data were analyzed by the Wilcoxon rank sum test. The chi-square test or Fisher's exact test was used to compare nominal data. If the antibiotic regimen was associated with any of the study endpoints in univariate analysis (P Յ 0.05), then the antibiotic regimen was entered into a separate stepwise regression model together with age, white blood cell (WBC) count, chills, hemodialysis, synergistic gentamicin, and days on gentamicin therapy to investigate whether the antibiotic regimen was independently associated with the study endpoint. Criteria for model entry and attrition were P values of Յ0.10 and Յ0.05, respectively. Variables were entered in a forward stepwise fashion, and the log-likelihood ratio test was used to determine which variables improved the fit of the logistic regression model. Interaction terms were considered if more than one variable remained in the final regression model. An alpha level of Յ0.05 was used to determine statistical significance for all comparisons.
RESULTS
Of the 709 patient charts reviewed, 528 were excluded because of bacteremia due to another organism or because an organism was not identified, 68 were excluded due to not meeting modified Duke's criteria, and 6 were excluded because the patients had not received treatment with oxacillin. Comparisons of patient characteristics are presented in Table 1 . The 107 adult patients had a median age of 41 (range, 18 to 85) years. Most patients were Hispanic (71%) and male (72%). Eighty percent had a history of intravenous drug use (IDU). Despite the high percentage of intravenous drug users in the study, the infected heart valves were evenly distributed between the left and right sides; 35% on the left side, 37% on the right side, 7% on both sides, and 21% having no identified vegetation either because echocardiography was negative or because the patients did not receive an echocardiogram, having already been diagnosed with IE by modified Duke's criteria (e.g., one major and three minor criteria). See Table 2 for a complete breakdown of site of infection by method of administration.
Overall, microbiological cure, 30-day mortality, and median time to clearance of bacteremia were 90.7% (97/107 patients), 8.4% (9/107 patients), and 7 (1 to 42) days, respectively (see Table 3 for complete results).
CI versus II oxacillin. Seventy-eight patients received CI oxacillin, whereas 29 received II oxacillin (Table 4) . CI and II groups were similar with respect to 30-day mortality (8% versus 10%, respectively; P ϭ 0.7) and length of hospital stay (20 versus 25 days, respectively; P ϭ 0.4) but differed for microbiological cure at 30 days (94% versus 79%, respectively; P ϭ 0.03).
Synergistic gentamicin versus no gentamicin. Because synergistic gentamicin is an optional treatment modality per guidelines, a subgroup analysis was performed to detect whether the use of synergistic gentamicin influenced mortality, hospital length of stay, microbiological cure at 30 days, clearance of bacteremia, or time to defervescence. The intended length of gentamicin therapy was physician specific and was not controlled in this study. The median number of days of gentamicin therapy was 4, with a range of 1 to 14 days. Overall, the gentamicin versus no-gentamicin groups were similar with respect to outcomes tested; however, the median times to defer- vescence were statistically different between the two groups, favoring the group that did not receive gentamicin (4 versus 2 days, P ϭ 0.02). Results of the subgroup analysis are included in Table 5 .
When the results for use of synergistic gentamicin were compared within groups (CI oxacillin with gentamicin versus CI oxacillin without gentamicin and II oxacillin with gentamicin versus II oxacillin without gentamicin), no statistically significant differences in the primary or secondary outcomes were noted. These results are shown graphically in Fig. 1 . Rates of acute kidney injury were also compared for those patients receiving synergistic gentamicin and those that did not. Patients receiving hemodialysis and those having preexisting chronic kidney disease were excluded from analyses of acute kidney injury (n ϭ 7). Rates of acute kidney injury were similar between patients who received synergistic gentamicin (n ϭ 60) and those who did not receive synergistic gentamicin (n ϭ 40) (18% versus 7%, respectively; P ϭ 0.1).
Multivariable analysis. Patient characteristics identified as being statistically different between the two treatment groups (CI versus II oxacillin) were included in a multivariable regression model. Results of the model are included in Table 6 . The antibiotic regimen (i.e., CI versus II) was the only independent factor responsible for microbiological cure at 30 days after a stepwise logistic regression analysis (P ϭ 0.04). Neither antibiotic regimen (i.e., CI versus II) nor any of the clinically relevant factors (i.e., age, WBC count, chills, hemodialysis, synergistic gentamicin, or days on gentamicin therapy) were independently responsible for time to defervescence after a stepwise logistic regression analysis.
Comparative safety profiles. The safety of the study drug was also examined. There were two patients in each arm of the analysis who experienced transaminitis (CI group, n ϭ 2; II group, n ϭ 2), defined as normal aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels increasing to greater than three times the upper limits of normal or, if AST/ALT levels were elevated at the start of therapy, doubling from baseline.
All of the patients experiencing transaminitis were included in the analysis of all outcomes. Each of the four patients had at least one risk factor for developing transaminitis at the start of therapy. Risk factors included hepatitis C infection, a history of ethanol abuse, and a history of cirrhosis. Two patients, both in the CI group, had normal AST/ALT levels at the start of therapy, while the other two patients in whom transaminitis occurred were in the II group and had elevated AST/ALT levels at the start of therapy. One patient in each treatment group was switched from oxacillin to another antibiotic after receiving at least 31 days of CI oxacillin and 35 days of II oxacillin. The two patients who switched therapies completed 42 days of treatment on vancomycin and cefazolin, respectively. All four patients remained culture negative at 30 days, and none of the four died within 30 days of completing therapy. The transaminitis resolved (returned to start-of-therapy baseline) for all patients.
DISCUSSION
The results of this study suggest an improved microbiological cure in patients with IE caused by MSSA treated with CI oxacillin compared to that in patients treated with II oxacillin. Outcomes between treatment groups were similar with respect to 30-day mortality, length of hospital stay, median time to clearance of bacteremia, median time to defervescence, and duration of antibiotic therapy. These findings demonstrate that CI oxacillin is an effective alternative to II oxacillin for the treatment of IE caused by MSSA. The CI method of administration was found to be statistically different from the II method for the primary outcome of microbiological cure at 30 days. Furthermore, the statistical superiority of CI versus II was preserved in a stepwise logistic regression model. Although statistically different for the primary outcome, these results do not indicate a clinical superiority of CI over II, especially since no difference in mortality between the two groups was seen.
These results are important considering that S. aureus has become the primary cause of IE in many parts of the world (4, 9) . While methicillin-resistant S. aureus has become a concern, MSSA still accounts for the majority of cases of IE caused by S. aureus in many recent series (4, 8, 9, 19, 20) . Also, other studies have shown that CI of a ␤-lactam reduces pharmacy preparation time, reduces nursing administration time, and maximizes antimicrobial pharmacodynamics (7). However, difficulties with CI administration do exist, namely, difficulty associated with the requirement for continuous venous access. This can be potentially problematic in patients with limited venous access or in critical-care settings, where patients require the administration of multiple intravenous agents.
A subgroup analysis of concurrent, synergistic gentamicin use illustrated no benefit concerning microbiological cure and an association with higher rates of mortality and acute kidney injury. Our analysis was consistent with previously reported data suggesting that synergistic gentamicin reduces the total number of days that individuals are bacteremic by about 1 day (13) . Hastening the time to clearance of bacteremia did not improve overall mortality, and in fact, this investigation highlights a disturbing trend of higher mortality, in both arms and overall, for patients receiving synergistic gentamicin. Further exploration of this practice is warranted.
The decision to use synergistic gentamicin is one of the major limitations of this retrospective investigation. By nature, retrospective studies are more prone to bias than prospective studies. It may be that clinicians treated patients who appeared clinically worse with gentamicin but not those who seemed less ill.
This study population had high rates of IDU and previous endocarditis but was balanced with regard to site of infection (right versus left side). This is surprising considering that previous reports describe mainly right-sided disease in patients that were intravenous drug users (1, 4, 9) . Our population had a higher-than-expected incidence of left-sided disease, which is important because these patients tend to have higher failure rates than patients with right-sided IE; however, this did not appear to affect our outcomes (8) .
Safety analyses were supportive of the treatment guideline recommendation that synergistic gentamicin be regarded as an optional treatment, as our study found no clinical benefit and numerically high but not statistically different rates of acute kidney injury in the gentamicin-treated group compared to the no-gentamicin group (1).
Hepatotoxicity, although a known side effect of oxacillin, was infrequent, with only 4% (4/107) of patients experiencing transaminitis (3, 10) . All cases were limited and reversible, with positive outcomes (microbiological cure and patient survival) in all instances. Although two patients were switched to different drugs to complete therapy, this was unlikely to have affected the patient outcomes.
Limitations. There are several limitations to this study. First, this was a single-center analysis with a limited number of patients in the II arm of the study. Second, this analysis was conducted retrospectively; however, a prospective study of this nature requires prohibitive amounts of both time and money. As a result of the retrospective study design, we were unable to control for bias between the two treatment groups and also within a treatment group, such as is seen with the duration of gentamicin therapy in patients that received gentamicin. Also, this study had a relatively large population of intravenous drug users, which in addition to limiting the external validity of the study might account for some microbiological failure. Another limitation is that it is very difficult to assess compliance with home health antibiotic therapy. Despite these limitations, this is, to our knowledge, the first and only study to address the suitability of CI oxacillin for the treatment of IE.
Conclusion. CI oxacillin offers a pharmacodynamically optimized treatment regimen for the management of patients with IE caused by MSSA. These results indicate that CI oxacillin is a suitable alternative to II oxacillin and possibly results in better microbiological outcomes. These results are significant when considering the costs associated with prolonged antibiotic therapy. Other evaluations of CI ␤-lactam antibiotics have found that CI reduces pharmacy preparation time, reduces nursing administration time, maximizes antimicrobial pharmacodynamics, and costs less to prepare and administer (3) . More data, including prospective randomized trials, comparing the two methods of oxacillin administration for IE and other serious infections caused by MSSA would be of value to further validate these findings.
